The transformation of (E)-2-benzylideneindan-1-one 1 by the filamentous fungi Botrytis cinerea, Trichoderma viride, and Eutypa lata as biocatalysts was studied. The results showed the catalytic potential of these fungi in affording several hydroxylation and reduction products, three of them reported here for the first time. The absolute configuration of enantiomerically pure 2-benzylindane derivatives was determined.
Introduction
Indanones and indenones are important classes of natural compounds which are useful building blocks in the synthesis of various carbocyclic and heterocyclic molecules of biological importance. These structures can play an important role in medicinal chemistry as they are present in various drugs or pharmaceutical compounds. 1 Specifically, (E)-2-benzylideneindan-1-one 1 has been shown to exhibit cytotoxic activity against murine P388 and L1210 leukaemic cells as well as human Molt 4/C8 and CEM Tlymphocytes. 2 Several methods for their preparation have been reported, the most classic involving as the first step the synthesis of indan-1-one moiety followed by an aldol reaction with the appropriate aldehydes. 3 Problems may be encountered with chemical methods such as incomplete transformation, moderate enantiomeric purity and the use of toxic reagents. In contrast, biological methods are useful in introducing chemical functions into inaccessible sites of molecules and thereby producing rare structures with a high structural diversity. In most cases, biotransformations occur with high regio-and stereo-specificities in Nature under mild and environmentally friendly reaction conditions. 4 In this context, the use of microorganisms is advantageous owing to their rapid growth and easy formation of multienzymatic systems. The biocatalysts used in this paper were filamentous fungi given that are easily available from large-scale cultures. As part of our research programme focusing on the biocatalytic potential of fungi, we herein describe the biotransformation of (E)-2-benzylideneindan-1-one 1 by the filamentous fungi Botrytis cinerea, Trichoderma viride, and Eutypa lata.
Results and discussion
(E)-2-Benzylideneindan-1-one 1 was synthesized using the methodology described in the literature. 5 After purification, indenone 1 was added to cultures of whole cells of the filamentous fungi B. cinerea, T. viride and E. lata to verify the bio-catalytic potential of these fungi in the biotransformation of a, b-unsaturated ketones. The fungus B. cinerea produced just two compounds, (R)-2-(phydroxybenzyl)-7-hydroxyindan-1-one 2 and (S)-2-(p-hydroxybenzyl)indan-1-one 3 (Scheme 1), the latter being reported here for the first time.
Compound 2 was previously reported 6 as a detoxification product from the biotransformation of anti-(±)-2-benzylindan-1-ol anti-(±)-5 by B. cinerea.
Comparison of the spectroscopic data of compounds 2 and 3 indicated that 3 possessed only a hydroxyl group, a fact corroborated by its HRMS, which was consistent with the molecular formula C 16 H 14 O 2 . The appearance of a signal at 156.9 ppm in its 13 C NMR spectrum (C-4 0 ) indicated a hydroxylation according to product 2-(p-hydroxybenzyl)indan-1-one 3. Its absolute configuration was determined by comparison of its specific rotation value (½a 20 D ¼ þ6, 36% ee) with that of (R)-2-benzylindan-1-one (R)-4 (½a 20 D ¼ À197:1, 70% ee), whose absolute configuration was known. 6 The compounds presented opposite values, indicating the (S)-configuration at C-2. Compound (S)-2-(p-hydroxybenzyl)indan-1-one 3 is reported here for the first time.
The saturated ketone 4 and alcohol 5 from the reduction of 1 (Scheme 2) were isolated from the broths of T. viride and E. lata. Spectroscopic data of these products were in agreement with those found in the literature. 5, 7 Benzylindan-1-one 4 was obtained by both fungi with similar yields while ee. T. viride afforded the (R)-enantiomer with 70% ee in surface cultures. In shaken cultures, the (S)-enantiomer was isolated with a yield of 15% and 13% ee. Moreover, the production of 4 using E. lata was dependent on the production of other derivatives and therefore yield and ee decreased dramatically over time of fermentation. The absolute configurations of 4 were obtained by HPLC analyses with a chiral stationary phase column and comparison of their specific rotation values corresponded with those found in the literature. 6 2-Benzylindan-1-ol 5 was obtained in shaken cultures only. Thus, T. viride gave the syn isomer (1R,2R)-2-benzylindan-1-ol ((1R,2R)-5) with 100% de and 99% ee after 5 days of fermentation. Its absolute configuration was determined from oxidation of the syn isomer (1R,2R)-5 and by HPLC analyses with a chiral stationary phase column to give (R)-4 whose absolute configuration was known. 6 anti-(1S,2R)-2-Benzylindan-1-ol ((1S,2R)-5) was produced by E. lata with 100% de and 95% ee. 6 It is interesting to note that E. lata was also able to produce several hydroxylated biotransformation compounds showing the high biocatalytic potential of this fungus: syn-2-(hydroxyphenylmethyl)indan-1-one 6, syn-2-benzyl-2,3-dihydroxyindan-1-one 7, anti-2-benzyl-3-hydroxyindan-1-one 8, anti-2-benzylindan-1,2-diol 9, 3-hydroxy-2-(hydroxyphenylmethyl)indan-1-one 10, 2-hydroxy-2-(hydroxyphenylmethyl)indan-1-one 11, and (E)-2-benzylidene-3-hydroxyindan-1-one 12. These products were the result of reductions and/or hydroxylations in the chain and in the five membered ring of (E)-2-benzylideneindan-1-one 1. 
OH
It was significant that the shaken cultures were the best condition under which to biotransform (E)-2-benzylideneindan-1-one 1 using E. lata as the biocatalyst. syn-2-(Hydroxyphenylmethyl) indan-1-one 6 and anti-2-benzyl-3-hydroxyindan-1-one 8 were previously reported as products from chemical reactions. 1, 8 Compound syn-2-benzyl-2,3-dihydroxyindan-1-one 7 was previously reported 6 as a detoxification product from the biotransformation of anti-(±)-2-benzylindan-1-ol anti-(±)-5 by B. cinerea. The alcohol 6 was obtained with 50% de in favour of the syn configuration in an overall yield of 3% (relative stereochemistry being assigned by correlation with 1 H and 13 C NMR data). 8 The enantiomeric purities of syn and anti alcohol 6 were determined by HPLC analyses with a chiral stationary phase column to be 33% ee and 42% ee, respectively. This compound was isolated from the eightday broth only suggesting that 6 could be transformed into other biotransformation products during the fermentation period.
anti-2-Benzyl-3-hydroxyindan-1-one 8, 1 with 100% de, was the major compound with the highest enantiomeric excess (46%) after 8 days of biotransformation. Compound anti-8 was also isolated from the surface culture but the yield was insufficient to calculate the enantiomeric excess.
Compound syn-2-benzyl-2,3-dihydroxyindan-1-one 7 was only isolated from the eight-day broth of the fungus E. lata with 100% de. The relative stereochemistry was assigned by correlation with 1 H and 13 C NMR data and comparison of its specific rotation value with that found in the literature. to that of 2-benzylindan-1-ol 5, but the absence of the signal corresponding to H-2 and the appearance of a signal at 83.7 ppm (C-2) revealed the presence of a tertiary hydroxyl group at C-2 indicating that 9 was a diol derivative. The relative stereochemistry of both chiral carbons was determined by nOe experiments. Compound anti-2-benzylindan-1,2-diol 9 was previously reported as a product from chemical transformations 9 but no spectroscopic data were found for this compound in the literature. These data are reported here for the first time. Two novel hydroxylated compounds, 10 and 11, were obtained from the biotransformation of (E)-2-benzylideneindan-1-one 1 by E. lata. H NMR spectrum showed that 10 possessed two secondary hydroxyl groups. Compound 3-hydroxy-2-(hydroxylphenylmethyl)indan-1-one 10 was isolated as a single diastereoisomer, with 100% de.
The biotransformation of (E)-2-benzylideneindan-1-one 1 by E. lata also produced another compound, 11, whose 13 C NMR spectrum was consistent with the molecular formula C 16 H 14 O 3 . The 1 H NMR spectrum was close to that of 2-benzylindan-1-one 4, but the presence of two signals at 68.6 and 5.45 ppm in the 13 C NMR and 1 H NMR spectra, respectively, suggests that this compound was hydroxylated at C-10. The absence of the signal corresponding to H-2 showed the presence of a tertiary hydroxyl group at C-2, indicating that 11 was a diol derivative. Compound 2-hydroxy-2-(hydroxyphenylmethyl)indan-1-one 11 was obtained with 100% de. Compounds 3-hydroxy-2-(hydroxylphenylmethyl)indan-1-one 10 and 2-hydroxy-2-(hydroxyphenylmethyl)indan-1-one 11 are reported here for the first time.
(E)-2-Benzylidene-3-hydroxyindan-1-one 12, obtained only under shaken conditions with 95% ee, was previously reported as a product from chemical reactions and its spectroscopic data coincided with those found in the literature. 10 This is the only product with a double bond at C-2/C-10 isolated from the E. lata broth, whose structure could be explained by direct hydroxylation from (E)-2-benzylideneindan-1-one 1 at C-3. The stereoselectivity of these biotransformation compounds obtained from E. lata was very high, giving only one diastereoisomer but in the absence of at least one enantiomer of known configuration, we had no way of determining which enantiomer was which.
Conclusions
In summary, the studies described above have demonstrated the biocatalytic potential of the filamentous fungi B. cinerea, T. viride, and E. lata to obtain biotransformation compounds with high enantiomeric purity from (E)-2-benzylideneindan-1-one 1.
The main reaction paths involved reduction and hydroxylation reactions at several positions. Thus, B. cinerea gave (R)-2-(phydroxybenzyl)indan-1-one 2 6 and (S)-2-(p-hydroxybenzyl)-7-hydroxyindan-1-one 3, reported here for the first time.
(E)-2-Benzylideneindan-1-one 1 was reduced to its corresponding saturated ketone 2-benzylindan-1-one 4 and saturated alcohol 2-benzylindan-1-ol 5 by E. lata and T. viride. Thus, T. viride afforded compound 4 with a maximum yield of 15% after 10 days of fermentation and 70% ee after 5 days from surface cultures. E. lata gave ketone 4 with a yield of 13% and 58% ee after 8 days of biotransformation and from shaken cultures. The predominant enantiomer was R, although the enantiomeric excess decreased dramatically leading to an inversion of the configuration. E. lata and T. viride exhibited high stereoselectivity giving the anti isomer (1S,2R)-2-benzylindan-1-ol (1S,2R)-5 with >99% de and 95% ee, and the syn isomer (1R,2R)-2-benzylindan-1-ol (1R,2R)-5 with >99% de and 99% ee, respectively.
E. lata was a very effective biocatalyst for (E)-2-benzylideneindan-1-one 1 giving rise to several compounds, two of them reported here for the first time. The high stereospecificity observed for Eutypa and its ability to generate novel compounds indicates that this fungus could be considered as a potential biocatalyst. 
Experimental
4.1. General Optical rotations were determined with a Perkin-Elmer 241 polarimeter. IR spectra were recorded on a Mattson Genesis spectrophotometer,
Microorganism cultures
The culture of B. cinerea employed in this work, B. cinerea UCA992, was obtained from grapes from the Domecq vineyard, Jerez de la Frontera, Cádiz, Spain. This culture of B. cinerea is deposited in the Universidad de Cadiz, Facultad de Ciencias, Mycological Herbarium Collection (UCA). The E. lata and T. viride cultures used in this research were obtained from the 'Colección Española de Cultivos Tipo' (CECT), Facultad de Biología, Universidad de Valencia, Spain, where cultures of these strains are kept on deposit.
General culture conditions
Fungi were grown at 25°C on a Czapeck-Dox medium (B. cinerea UCA 992) or on a PDB medium (E. lata and T. viride) (150 mL per bottle and 200 mL per flask). The shaken cultures were incubated in an orbital shaker at 140 rpm. The substrate was dissolved in ethanol (200 lL) and then distributed in Roux bottles or flasks (150 ppm per flask). Fermentation continued for a further period of time after which the mycelium was filtered and then washed with brine and ethyl acetate. The broth was extracted three times with ethyl acetate and the extract dried over anhydrous sodium sulfate. The solvent was then evaporated and the residue chromatographed, first on a silica gel column and then by HPLC with an increasing gradient of ethyl acetate to petroleum ether. 
Biotransformation of (E)
-
Biotransformation by Eutypa lata
(a) Surface culture. (E)-2-Benzylideneindan-1-one 1 was dissolved in ethanol and then distributed in 12 Roux bottles after 7 days growth. The fermentation was allowed to continue for 8 more days in six of the bottles and 15 more days in the other six. Chromatography of the extract fermented for 8 days gave (E)-2-benzylideneindan-1-one 1 (36.3 mg), 2-benzylindan-1-one 4 (traces) and anti-2-benzylindan-1,2-diol 9 (1. 
Oxidation of (1R,2R)-2-benzylindan-1-ol (1R,2R)-5
The alcohol (1R,2R)-2-benzylindan-1-ol (1R,2R)-5 (5 mg, 0.022 mmol) was oxidised with manganese(IV) oxide (1.5 equiv) in methylene chloride solution (1.5 mL) at room temperature. After purification using a silica gel column, eluting with hexane/ethyl acetate (9:1), the derivative (R)-(À)-2-benzylindan-1-one (R)-4 (98% yield) was afforded. 
2-Benzylindan-1-one 4
Obtained as a colourless oil. Product structure assignments were done attending to the spectroscopic data reported in the literature.
5 HPLC (n-hexane/i-PrOH 9:1, 0.4 mL/min): t R 17.0 min (R) and 18.4 min (S).
2-Benzylindan-1-ol 5
Obtained as a white solid. Product structure assignments were done attending to the spectroscopic data reported in literature. 
